In the era of personalized medicine, clinical trials remain the gold standard of evidence to inform oncology practice and guidelines ([@pkz062-B1]). Evidence is considered especially robust when several trials have consistent conclusions across different settings and eligible populations. However, it is becoming less feasible to conduct multiple trials, especially ones that are large enough to allow analyses for broad, clinically relevant subgroups, evaluation of different eligibility cut points, and inclusion of long-term follow-up. Consequently, it can be difficult for oncologists to translate trial evidence in to treatment discussions with many of their individual patients.

The Trial Assigning Individualized Options for Treatment (TAILORx) was a large personalized trial that used 21-gene expression profile results to stratify treatment assignment. The results indicated that invasive disease-free survival rates and distant recurrence rates were equivalent with endocrine vs chemoendocrine therapy among women with hormone-receptor positive (HR)+/ human epidermal growth factor receptor 2 (*HER2*)-negative, node-negative breast cancer and 21-gene recurrence scores (RS) of 11--25 ([@pkz062-B2]). These results have the potential to affect treatment for a large number of women because the majority (70%) of women diagnosed with breast cancer in the United States each year have these tumor types ([@pkz062-B3], [@pkz062-B4]).

However, there were several issues remaining after TAILORx that may make it difficult for clinicians to translate this evidence into practice. First, TAILORx data indicated a benefit from chemotherapy in women ages 50 years and younger who had tumors with RS 16--25 ([@pkz062-B2]), but these were retrospective, unplanned analyses ([@pkz062-B5]). Second, earlier validation studies used midrange RS cut points of 18--30, whereas TAILORx cut points for testing chemotherapy effects were RS 11--25 ([@pkz062-B6],[@pkz062-B7]), which potentially created uncertainty about optimal cut points for determining chemotherapy benefits, especially for women with scores close to the demarcations. Third, chemotherapy was definitely rather than randomly assigned for women with RS of 26 or more. Fourth, TAILORx did not provide data for clinicians caring for women who are interested in having information about outcomes beyond 9 years before making treatment decisions. Finally, TAILORx was one trial, and the results have not yet been replicated.

In such situations, simulation modeling provides an excellent virtual laboratory to replicate trials, confirm planned and unplanned trial analyses, and extend results to examine new scenarios that were not possible to test in the original trials ([@pkz062-B1], [@pkz062-B8],[@pkz062-B9]). Simulation modeling permits evaluation of large numbers of virtual individuals with all possible combinations of characteristics that might be seen in practice, synthesis of multiple evidence sources, and sampling across the full range of effects to quantify uncertainty in estimations ([@pkz062-B10]). Consistency between results of a single trial, such as TAILORx, and model simulation results could provide clinicians and their patients with greater confidence when making decisions based on results.

We used an established simulation model ([@pkz062-B1],[@pkz062-B11]) to replicate and extend TAILORx results to different age and RS subgroups, RS cut points, and time horizons. The results are intended to demonstrate the potential contribution of simulation modeling to replicate and support translation of trial results in to routine oncology practice.

Methods
=======

The study was approved by the Georgetown University Institutional Review Board and was considered as exempt research based on use of deidentified data.

Model Overview
--------------

We adapted an extant breast cancer model (Model GE) ([@pkz062-B1],[@pkz062-B11]) developed in the National Cancer Institute--funded Cancer Intervention and Surveillance Modeling Network. The model randomly assigned women to endocrine vs chemoendocrine therapy and replicated TAILORx and tested treatment effects in 14 new scenarios: eight subgroups defined by age (≤50 and \>50 years) and 21-gene RS ([@pkz062-B11]); six different RS cut points among women ages 18--75 (16--25, 16--20, 21--25, 26--30, 26--100); and 20-years of follow-up for women ages 18--75 years and RS 11--25, 16--25, 16--20, 21--25, 26--30, and 26 or more.

For each scenario, we first generated virtual samples of simulated women who would have been eligible for TAILORx (see below), each with a specific combination of age, tumor size, grade, hormonal status (estrogen receptor \[ER\] and/or progesterone receptor \[PR\]), RS, and surgery type (mastectomy vs lumpectomy) from all possible joint combinations of these characteristics. Virtual women were then randomly assigned to endocrine vs chemoendocrine therapy and followed from random assignment to death or end of follow-up (9 or 20 years). Each virtual woman could remain event free until end of follow-up, experience a distant recurrence, die of breast cancer, or other causes ([Figure 1](#pkz062-F1){ref-type="fig"}), conditional on their treatment arm, age, RS, and tumor characteristics.

![Progression of breast cancer following randomization as a state-transition process. \*Breast cancer death without distant recurrence was considered the first manifestation of distant recurrence.](pkz062f1){#pkz062-F1}

The primary endpoint for each simulated scenario was based on the secondary TAILORx endpoint, distant recurrence-free survival (DRFS) at 9 years, defined as time from recruitment to date of distant recurrence, or death with distant recurrence, if death was the first manifestation of distant recurrence. This corresponds to the Standardized Definitions for Efficacy End Points in Adjuvant Breast Cancer Trials definition of distant recurrence-free interval ([@pkz062-B12]). We also simulated age-specific other-cause mortality for women ages 18--75 years.

Target Population and Sample Size
---------------------------------

We included virtual women who were eligible for the TAILORx trial, including women ages 18 to 75 years with hormone receptor-positive, *HER2*-negative invasive, node-negative breast cancer with tumor size 1.1--5.0 cm (or 5 mm--1.0 cm and intermediate or poor histologic grade; "early breast cancer"), who had undergone lumpectomy (with radiotherapy) or mastectomy. The sample size of virtual women simulated was based on the TAILORx specifications for detection of relative differences in the effects of endocrine vs chemoendocrine therapy on DRFS, assuming a null hypothesis of no difference ([@pkz062-B2]). The DRFS hazard ratio (HR) for the noninferiority margin was set at 1.61; noninferiority was based on whether the 95% confidence interval (CI) contained 1.0 (no difference), or the entire confidence interval less than 1.61 ([@pkz062-B2]).

Model Inputs
------------

The input parameters and sources are summarized in [Supplementary Table 1](#sup1){ref-type="supplementary-material"} (available online). We first simulated the characteristics of women (age, grade, tumor size, ER and PR status, RS, surgery type) eligible for each virtual scenario based on the joint distribution of characteristics derived from the individual-level deidentified TAILORx dataset provided by the Eastern Cooperative Oncology Group--American College of Radiology Imaging Network Cancer Research Group (personal communication, Robert Gray, 2019).

We then simulated events and time-to-events using data independent of TAILORx. Distant recurrence (and breast cancer death) events and time-to-events for endocrine vs chemo-endocrine therapy conditional on patient and tumor attributes were simulated using competing risk-survival models fitted to an individual-level linked National Surgical Adjuvant Breast and Bowel Project (NSABP)--Genomic Health dataset provided by Genomic Health, Inc, Redwood City, CA (personal communication, Steve Shak, 2018) ([@pkz062-B7],[@pkz062-B13]--[@pkz062-B15]). The patient and tumor attributes included in the model were age, grade, tumor size, 21-gene RS, and interaction terms between age, RS, and tumor size. The subhazard ratios for treatment as well as patient and tumor attributes were calculated using Fine-Gray methods ([@pkz062-B16]). Other- cause mortality was used as the competing risk. The time-to-event distributions were modeled semiparametrically by estimating proportional-hazards cumulative incidence functions (CIF). We allowed the CIF to be semiparametrically dependent on various attributes of the patient and the tumor, including RS. That is, a baseline CIF was identified for a designated combination of reference values of the predictive patient and tumor attributes, and the CIF for other values of those attributes were derived by the application of subhazard ratios.

Because the NSABP trials were conducted several decades earlier, we used data from TAILORx and the Oxford Overview ([@pkz062-B17],[@pkz062-B18]) to adjust treatment effects on the CIFs to reflect therapy in TAILORx. Specifically, we adjusted hormonal effects for tamoxifen to effects seen with tamoxifen and aromatase inhibitors ([@pkz062-B18]) and chemotherapy effects from CMF regimens to effects seen with CMF, anthracycline, and taxane-based regimens ([@pkz062-B17]). Finally, to estimate competing other-cause mortality, we used a left-truncated survival model estimated from the Surveillance, Epidemiology, and End Results--Genomic Health dataset for women matching trial eligibility ([@pkz062-B19],[@pkz062-B20]).

Statistical Analysis
--------------------

TAILORx and each of the 14 scenarios was modeled separately and replicated 1000 times to quantify the uncertainty related to sampling variability for any given parameter value ([@pkz062-B1]). Each of the 1000 trial replicates was randomly assigned its own set of treatment effects sampling from the "prior" distribution of the subhazard ratios derived from the competing risk-survival models derived from the NSABP trials as described above. This empiric Bayesian analysis approach captures uncertainty in all predictors' effects on outcomes and sampling variation.

The hazard ratio of endocrine vs chemoendocrine therapy and its two-sided 95% confidence interval were determined for each of the 1000 simulations using Cox proportional hazards regressions. Kaplan-Meier curves for DRFS by treatment were used to evaluate the proportional hazard assumption, where parallel curves indicated that the treatment variable satisfies the proportional hazard assumption. DRFS by treatment group for each of the 1000 simulations was also found from Kaplan-Meier curves.

The results of the 1000 simulations were summarized using the following metrics for women for receiving endocrine vs chemoendocrine treatment: 1) a percentage of trial replicates (of the 1000) that showed noninferiority in the omission of chemotherapy as defined in the TAILORx protocol; 2) the mean hazard ratio comparing endocrine vs chemoendocrine therapy for distant recurrence across the 1000 simulations, and the SD of the mean; 3) the mean and SD of the DRFS rate for each treatment group at years 9 and 20; and 4) caterpillar plots for every 10th trial from an ordered list of 1000 trial replicates to assess the distribution of hazard ratios and corresponding 95% confidence intervals. Caterpillar plots ([@pkz062-B21]) were used to illustrate the range of results that might be observed if TAILORx were repeated, given the uncertainty built into the modeling of input parameters and treatment effects.

All analyses were conducted using STATA version 15.0 (StataCorp. 2017. Stata Statistical Software: Release 15. College Station, TX: StataCorp LP).

Results
=======

Within each of the 14 simulated scenarios, virtual women had a similar distribution of characteristics (age, grade, tumor size, ER and PR status, surgery) by treatment arm as was seen among women enrolled in TAILORx ([Table 1;](#pkz062-T1){ref-type="table"}[Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available online).

###### 

Comparison of patient and tumor characteristics by treatment arm in the actual and simulated trial assigning individualized options for treatment (TAILORx)

  Characteristics                      Actual TAILORx trial   Simulated TAILORx trial[\*](#tblfn1){ref-type="table-fn"}                    
  ------------------------------------ ---------------------- ----------------------------------------------------------- ---------------- ----------------
  Median age at diagnosis (range), y   55 (23--75)            55 (25--75)                                                 56 (23--75)      56 (23--75)
  Age ≤50 y, No. (%)                   1139 (34)              1077 (33)                                                   1059 (32)        1058 (32)
  Mean tumor size (SD), cm             1.7 (0.81)             1.7 (0.77)                                                  1.7 (0.80)       1.7 (0.80)
  Median tumor size (range), cm        1.5 (1.2--2.0)         1.5 (1.2--2.0)                                              1.7 (1.2--2.3)   1.7 (1.2--2.3)
  Tumor grade, %                                                                                                                           
   Low                                 29                     29                                                          33               33
   Intermediate                        57                     57                                                          58               58
   High                                14                     14                                                          9                9
  Recurrence score, %                                                                                                                      
   11--15                              35                     35                                                          32               32
   16--20                              40                     40                                                          40               40
   21--25                              24                     24                                                          28               28
  Primary surgery, No. (%)                                                                                                                 
   Mastectomy                          28                     28                                                          28               28
   Lumpectomy                          72                     72                                                          72               72
  Hormonal status                                                                                                                          
    ER+/PR+                            90                     90                                                          85               85
    Other                              10                     10                                                          15               15

Numbers reported for simulated TAILORx represents averages across 1000 trial replicates. ER = estrogen receptor; PR = progesterone receptor; RS = recurrence score; TAILORx = Trial Assigning Individualized Options for Treatment.

Replication of TAILORx (DRFS in Women Ages 18--75 Years and RS 11--25)
----------------------------------------------------------------------

In the actual TAILORx trial, at 9 years the hazards of DRFS were noninferior (HR = 1.10; 95% CI = 0.85 to 1.41; *P* = .48), and had similar DRFS rates (94.5% vs 95.0%) among women receiving endocrine vs chemoendocrine therapy, respectively. In the simulated trials, at 9 years, the mean DRFS hazard ratio (SD) for endocrine therapy vs chemoendocrine therapy was 1.15 (0.42) ([Table 2](#pkz062-T2){ref-type="table"}). The mean 9-year DRFS rates were 94.0% (0.02) vs 94.4% (0.01) (absolute difference = 0.4%) for endocrine vs chemoendocrine therapy. The distribution of hazard ratios from a sample of 100 trials (of 1000 trial simulations) is shown in [Figure 2](#pkz062-F2){ref-type="fig"}. Of the 1000 simulated trials, 75% found noninferiority in the omission of chemotherapy on DRFS.

![Distribution of hazard ratios and 95% confidence intervals for distant recurrence-free survival comparing endocrine therapy vs chemoendocrine therapy in 100 (out of 1000) replications of the Trial Assigning Individualized Options for Treatment (TAILORx). **Horizontal dashed lines** show noninferiority margin as defined in TAILORx. Noninferiority was interpreted based on whether the confidence interval on the hazard ratio comparing endocrine vs chemoendocrine therapy contained the noninferiority margin (1.61) or no difference (1.00). The hazard ratio for each trial replicate was derived from a Cox proportional hazards model.](pkz062f2){#pkz062-F2}

###### 

Simulated trial results for hazard ratios and 95% confidence intervals associated with distant recurrence-free survival at 9 years and 20 years for endocrine vs chemoendocrine therapy by 21-gene expression recurrence score (RS) and age

  Category     Age group, y   Sample size, mean[\*](#tblfn2){ref-type="table-fn"}   Mean hazard ratio (SD)[†](#tblfn3){ref-type="table-fn"}   Trials showing noninferiority‡ in omission of chemo, %   9-year distant recurrence-free survival rates   20-year distant recurrence-free survival rates                
  ----------- -------------- ----------------------------------------------------- --------------------------------------------------------- -------------------------------------------------------- ----------------------------------------------- ------------------------------------------------ ------------- -------------
  RS 11--25                                                                                                                                                                                                                                                                                                          
                  18--75                             6711                                                 1.15 (0.42)                                                   75                                              94.0 (0.02)                                     94.4 (0.01)                     89.7 (0.07)   90.7 (0.07)
  ≤50              2449                           1.55 (0.74)                                                 59                                                   94.4 (0.02)                                          95.9 (0.01)                                          NA                             NA       
  \>50             3970                           1.17 (0.37)                                                 73                                                   95.0 (0.02)                                          95.1 (0.01)                                          NA                             NA       
  RS 16--25                                                                                                                                                                                                                                                                                                          
                  18--75                             2601                                                 1.71 (0.82)                                                   45                                              91.0 (0.03)                                     94.1 (0.01)                     88.3 (0.07)   90.6 (0.05)
  ≤50              2155                           1.79 (0.94)                                                 43                                                   91.6 (0.04)                                          94.8 (0.01)                                          NA                             NA       
  \>50             3970                           1.18 (0.73)                                                 70                                                   92.1 (0.04)                                          92.8 (0.01)                                          NA                             NA       
  RS 16--20                                                                                                                                                                                                                                                                                                          
                  18--75                             4437                                                 1.72 (0.88)                                                   34                                              90.8 (0.04)                                     94.2 (0.01)                     85.6 (0.10)   88.0 (0.08)
                   ≤50                               3771                                                 1.73 (0.88)                                                   35                                              91.7 (0.04)                                     94.9 (0.01)                         NA            NA
                   \>50                              4866                                                 1.15 (0.70)                                                   70                                              92.3 (0.04)                                     92.9 (0.01)                         NA            NA
  RS 21--25                                                                                                                                                                                                                                                                                                          
                  18--75                             2473                                                 1.76 (0.93)                                                   30                                              90.7 (0.04)                                     94.2 (0.01)                     85.5 (0.10)   88.1 (0.08)
                   ≤50                               2155                                                 1.77 (0.97)                                                   26                                              91.7 (0.04)                                     94.9 (0.01)                         NA            NA
                   \>50                              2694                                                 1.17 (0.73)                                                   65                                              92.3 (0.04)                                     92.9 (0.01)                         NA            NA
  RS 26--30                                                                                                                                                                                                                                                                                                          
                  18--75                             1372                                                 1.60 (0.83)                                                   62                                              91.6 (0.03)                                     93.9 (0.01)                     89.7 (0.06)   91.0 (0.05)
  RS 0--100                                                                                                                                                                                                                                                                                                          
  0--25           18--75                             4310                                                 1.14 (0.39)                                                   75                                              94.2 (0.02)                                     94.8 (0.01)                     89.8 (0.06)   90.5 (0.07)
  \>25            18--75                             1078                                                 2.94 (2.03)                                                   20                                              93.1 (0.01)                                     96.5 (0.02)                     88.5 (0.08)   89.3 (0.08)

Based on the original TAILORx protocol. NA = data inadequate to model long-term outcomes beyond 9 years in these subgroups; TAILORx = Trial Assigning Individualized Options for Treatment.

Mean (SD) across 1000 trial replications.

Noninferiority was interpreted based on whether the confidence interval on the hazard ratio comparing endocrine vs chemoendocrine therapy contained the noninferiority margin (1.61) or no difference (1.00) according to the TAILORx protocol. The column provides the percentage of trials (out of 1000 simulations) that found noninferiority in the omission of chemotherapy on distant recurrence-free survival under each scenario.

DRFS in Women Ages 18--50 Years and RS 11--25
---------------------------------------------

Among women ages 18--50 years with RS 11--25, the mean DRFS HR (SD) for endocrine vs chemoendocrine therapy was 1.55 (0.74) ([Table 2](#pkz062-T2){ref-type="table"}). The mean 9-year DRFS rates across the 1000 simulations for endocrine vs chemoendocrine therapy were 94.4% (0.02) vs 95.9% (0.01) (absolute difference = 1.5%). Out of the 1000 trial simulations, 59% found noninferiority in the omission of chemotherapy on distant recurrence (ie, a statistically significant chemotherapy benefit was found in only approximately 40% of the trial replications) ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, available online).

DRFS in Women Ages 51--75 Years and RS 11--25
---------------------------------------------

The mean DRFS HR (SD) at 9 years for endocrine vs chemo-endocrine therapy for older women was 1.17 (0.37) ([Table 2](#pkz062-T2){ref-type="table"}), there was no difference in absolute event rates, and 73% of trials found noninferiority in the omission of chemotherapy on DRFS ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}, available online).

DRFS in Women Ages 18--75 Years and RS 16--25
---------------------------------------------

The mean DRFS HR (SD) for endocrine therapy vs chemo-endocrine therapy was 1.71 (0.82) among women ages 18--75 years with RS 16--25 with 9 years of follow-up, with a corresponding mean 9-year DRFS rate of 91.0% (0.03) for endocrine and 94.1% (0.01) for chemoendocrine therapy (absolute difference = 3.1%) ([Table 2](#pkz062-T2){ref-type="table"}). At 20 years, the mean DRFS rate with endocrine therapy was 88.3% (0.07) and 90.6% (0.06) with chemoendocrine therapy.

DRFS in Women Ages 18--50 Years and RS 16--25
---------------------------------------------

At 9 years, the mean DRFS HR (SD) for endocrine therapy vs chemoendocrine therapy was 1.79 (0.94), with a small absolute increase in DFRS rates ([Table 2](#pkz062-T2){ref-type="table"}); 43% of the trials found noninferiority in the omission of chemotherapy ([Figure 2](#pkz062-F2){ref-type="fig"}). The distribution of hazard ratios from a sample of 100 trials (of 1000 trial simulations) is shown in [Figure 3.](#pkz062-F3){ref-type="fig"} The mean DFRS rates were 91.6% (0.04) for endocrine and 94.8% (0.01) for chemo-endocrine therapy ([Table 2](#pkz062-T2){ref-type="table"}).

![Distribution of hazard ratios and 95% confidence intervals for distant recurrence-free survival comparing endocrine therapy vs chemoendocrine therapy in 100 (out of 1000) replications of a clinical trial including only Trial Assigning Individualized Options for Treatment (TAILORx)-eligible younger women (≤50 years) with 21-gene recurrence scores ranging from 16 to 25. **Horizontal dashed lines** show noninferiority as defined in TAILORx. Noninferiority was interpreted based on whether the confidence interval on the hazard ratio comparing endocrine vs chemoendocrine therapy contained the noninferiority margin (1.61) or no difference (1.00). The hazard ratio for each trial replicate was derived from a Cox proportional hazards model.](pkz062f3){#pkz062-F3}

DRFS in Women Ages 51--75 Years and RS 16--25
---------------------------------------------

The mean DRFS HR (SD) for endocrine vs chemoendocrine therapy was 1.18 (0.73) with no difference in DFRS rates ([Table 2](#pkz062-T2){ref-type="table"}).

DRFS in RS 16--20 and RS 21--25
-------------------------------

We also evaluated the potential differences in endocrine therapy vs chemoendocrine therapy effects in RS 16--20 and RS 21--25 categories ([Table 2](#pkz062-T2){ref-type="table"}). In women 50 years or younger, chemotherapy was associated with a lower rate of distant recurrence than endocrine therapy when the scores were 16--20 (3.2% at 9 years) or 21--25 (3.2% at 9 years). The proportion of trials showing noninferiority was lower in RS 16--20 (35%) and RS 21--25 (26%) groups compared with the original TAILORx study with RS 11--25 (75%).

DRFS in Women Ages 18--75 Years and RS 26--30
---------------------------------------------

Under this scenario, simulated women randomly assigned to treatment had a relatively higher proportion of high-grade tumors (20%) ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available online) compared with those in the RS 11--25 group (9%) ([Table 1](#pkz062-T1){ref-type="table"}). The mean DRFS HR (SD) for endocrine vs chemoendocrine therapy was 1.60 (0.83) ([Table 2](#pkz062-T2){ref-type="table"}). The mean absolute difference in this group was 2.3% and did not change at 20 years ([Table 2](#pkz062-T2){ref-type="table"}). Approximately 62% of the trials found noninferiority in omission of chemotherapy ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}, available online).

DRFS in Women Ages 18--75 Years and RS 0--25 vs 26--100
-------------------------------------------------------

The proportion of simulated women with high-grade tumors in the RS 0--25 and 26--100 groups were 8% and 36%, respectively ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available online). The mean DRFS HR (SD) for endocrine therapy vs chemoendocrine therapy was 1.14 (0.39) in the 0--25 group, with an absolute difference of 0.6% at 9 years and 0.7% at 20 years. In the RS 26--100 group, hazard ratio was 2.94 (2.03) ([Table 2](#pkz062-T2){ref-type="table"}), with an absolute difference of 3.4% at 9 years and 0.8% at 20 years; only 20% of the trials found noninferiority in the omission of chemotherapy.

Discussion
==========

This study illustrates the potential utility of simulation modeling to replicate and extend single, large clinical trials of personalized breast cancer therapy. Using data independent of TAILORx ([@pkz062-B1]), model results confirmed that endocrine therapy was noninferior to chemoendocrine therapy for distant recurrence events among women ages 18--75 years with HR+/*HER2*-negative, node-negative breast cancers with RS 11--25. Further, this conclusion was seen in 75% of the 1000 trial replicates. The simulated trials also reproduced the TAILORx retrospective analysis results that chemoendocrine therapy was associated with a lower rate of distant recurrence events than endocrine therapy at 9 years among women age 50 years and younger with RS 16--25. The results were also similar across the RS 16--20 and RS 21--25 subgroups, with a lower proportion of trials finding noninferiority in the omission of chemotherapy compared with the TAILORx simulation. Extending TAILORx by randomly assigning chemotherapy among women with RS 26--100, most simulated trials showed a statistically significant benefit from chemoendocrine therapy, confirming the TAILORx choice to provide chemoendocrine therapy to all these participants. Simulation of 20 years of follow-up did not change overall conclusions. Variations among the 1000 trial replicates for each modeled scenario underscore expected differences when multiple trials are conducted given variability in populations and uncertainty in treatment effects.

Our results confirm that women ages 50 years and younger with RS 16--25 derive a relatively higher treatment benefit from adjuvant chemotherapy compared to older women (\>50 years). These findings are consistent with results from a systematic review conducted by the Early Breast Cancer Trialist's collaborative group demonstrating that younger women derive a greater benefit from chemotherapy ([@pkz062-B5]). This could be at least partly explained by an antiestrogenic effect associated with premature menopause induced by chemotherapy in older premenopausal women ([@pkz062-B22]). Therefore, our results add to the evidence that age should be factored into decisions about chemotherapy in women with early-stage, node-negative breast cancer. Further, a recent secondary analysis of TAILORx data examined whether a woman's recurrence risk based on classic clinical features such as tumor size and histologic grade adds prognostic information that is complementary to the 21-gene RS test ([@pkz062-B23]). The results showed that high clinical risk features based on tumor size and grade can be used to identify a group of younger women (ages ≤50 years) with RS 16--25 who are likely to benefit from chemotherapy among TAILORx-eligible women. Accordingly, in our study, the observed chemotherapy effects in women ages 50 years and younger with RS 16--25 could also be explained by the higher benefit of chemotherapy derived by those simulated women with high clinical risk features.

The proportion of simulated trials that found noninferiority in the omission chemotherapy was lower in trials including only women with RS 26--30 (62%) and RS 26--100 (20%) compared with RS 11--25 (75%), indicating that a considerable proportion of women with scores greater than 25 could potentially benefit from chemotherapy. In addition to increasing distant recurrence event risk with increasing RS, these differences may also be partly explained by the relatively higher proportion of women with high-grade tumors belonging to the RS 26 or more group compared with those with RS 11--25. Consistent with previous findings, these results highlight the importance of integrating clinical-pathological features with RS to improve the accuracy of prognostic estimates ([@pkz062-B5],[@pkz062-B24]).

The risk of distant recurrence events in early-stage breast cancer patients may remain up to 20 years ([@pkz062-B25]). A recent meta-analysis showed that women with lymph node--negative disease could have an annual rate of distant recurrence at 1% from 5 to 20 years, resulting in a cumulative risk of distant recurrence of 13% ([@pkz062-B25]). Our study confirms a cumulative increase in distant recurrence risk with increasing follow-up. However, the benefit of chemotherapy does not seem to increase at 20 years. Previous studies have shown that chemotherapy primarily prevents recurrences within 5 years of diagnosis ([@pkz062-B17]). Even though more recurrences are expected with longer follow-up, the absolute benefits of chemotherapy remain small.

The average results across 1000 trial replicates for each scenario provided robust estimates of chemotherapy effects. However, we also observed that there was variation in these effects, with only a proportion of replicates in each scenario finding noninferiority in the omission of chemotherapy. This observation is related to several factors. First, there is expected uncertainty in the model-input parameters based on prior distributions of those parameters. Second, each trial randomly selects a set of eligible participants, so individual trials may include somewhat different populations, mirroring the reality of clinical practice. Third, there is variation in the predictive power of the 21-gene RS ([@pkz062-B7]). Therefore, chemotherapy decisions in practice settings should integrate RS with traditional pathological and clinical measures to improve accuracy of prognostic outcomes for individual women ([@pkz062-B24]).

Our analyses have several limitations. Historical trials (NSABP B14 and B20) provided limited sample size to derive input parameters evaluating treatment effects in smaller RS and age subgroups, contributing to uncertainty and variation in results. Another limitation is that we were unable to model the effects of specific chemotherapy regimens and durations of hormonal therapy ([@pkz062-B17],[@pkz062-B25],[@pkz062-B26]). It is unclear whether the effects of adjuvant chemotherapy will vary based on type of chemotherapy within RS and age categories. Furthermore, we did not model the effects of treatment by RS based on mode of detection because screening mammography data were not available from any of our data sources ([@pkz062-B27]). Another limitation is that patients' *HER2* status was frequently missing in the Surveillance, Epidemiology, and End Results--Genomic Health dataset. Because *HER2*-positive tumors primarily have high RS, any misclassification of *HER2* should not have affected our main findings confirming lack of chemotherapy benefits in patients with *HER2*-negative breast cancer and RS of 11--25 ([@pkz062-B31]).

Overall, simulation modeling provides a powerful computational tool to synthesize evidence from various sources to evaluate treatment outcomes (and associated uncertainty) for different combinations of individual characteristics and an efficient laboratory to replicate and extend clinical trial results. Further, the output generated from simulation and modeling could be converted into a "calculation engine" to power decision tools ([@pkz062-B32]) that could assist communication about treatment during clinical encounters.
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